The human foamy or spumaretrovirus (HSRV) is a complex retrovirus that encodes the three retroviral genes gag, pol, and env and, in addition, at least three bel genes. The HSRV Bel-1 protein was identified as a transcriptional trans-activator. HSRV transcription starts in the 5' long terminal repeat at a defined guanine residue. We report here that a second efficiently utilized start site of transcription is contained within a HSRV env DNA sequence upstream of the bel genes. Bel-specific transcripts that initiate at the internal transcriptional start site at nt 9196 were identified in HSRVinfected cells by primer extension and Si nuclease analysis, and the intragenic promoter was shown to be constitutively activated by Bel-1 in the HSRV provirus. In transient expression assays with indicator gene constructs, expression by the HSRV intragenic promoter/enhancer is Bel-1 dependent. The data provide evidence for an intragenic start site of transcription in the genome of a complex, exogenous human retrovirus and are discussed in terms of a model for regulating spumaretroviral gene expression.
the intragenic promoter was shown to be constitutively activated by Bel-1 in the HSRV provirus. In transient expression assays with indicator gene constructs, expression by the HSRV intragenic promoter/enhancer is Bel-1 dependent. The data provide evidence for an intragenic start site of transcription in the genome of a complex, exogenous human retrovirus and are discussed in terms of a model for regulating spumaretroviral gene expression.
The human foamy or spumaretrovirus (HSRV) is an exogenous retrovirus that was isolated from the lymphoblastoid cells of a nasopharyngeal carcinoma patient (1) . The HSRV genome encodes accessory bel genes located 3' of env (2, 3) . The pronounced complexity of the HSRV genome was revealed in the peculiar HSRV splicing pattern: about a dozen different HSRV transcripts were identified that included singly and multiply spliced mRNA species ofthe different bel genes (4) . The bel-J gene product was identified as a transcriptional trans-activator for the long terminal repeat (LTR)-directed transcription (5) (6) (7) and shown to be absolutely required for viral replication and gene expression (8) . The results so far indicated that HSRV gene expression is complex and comparable in structural and functional complexity to other human retroviruses (9) . It is still unknown how expression of the various accessory transcripts and gene products in comparison with HSRV gag, pol, and env mRNAs and proteins is regulated. Despite repeated attempts to identify complex retroviral rev and rex analoga in HSRV, corresponding genes and/or RNA response elements have not been reported for any foamy virus (10) .
In this study, defined indicator gene constructs and RNA from HSRV-infected cells were used to identify the internal start site of HSRV transcription located near the 3' end of the env gene. The internal HSRV promoter depends on Bel-1 for efficient gene expression. These results point to, as far as we know, a unique mode of retroviral gene expression.
MATERIALS AND METHODS
Plasmids and Construction of Recombinant Clones. Infectious HSRV DNA clone pHSRV13 (8) served as source ofviral
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DNAs; nucleotide numbering starts at the first base of the 5' LTR. The eukaryotic expression clone pBCbell has been described (8) . Indicator gene plasmids were constructed (see Fig. 1B ) by inserting the blunt-end 283-bp Nde I-Nhe I DNA fragment, HSRV nt 8971-9253, into the EcoRV site of the promoterless pPLSEAP (5) upstream of the gene for the secreted form ofthe human alkaline phosphatase (SEAP) (11) . Plasmids that contained the HSRV Nde I-Nhe I fragment in the original 5' to 3' sense-(+) or in the antisense-orientation (-) were designated pNNSEAP+ and pNNSEAP-, respectively. Plasmids pNNCAT+ in sense-and pNNCAT-in antisense-orientation that contain the HSRV Nde I-Nhe I DNA fragment upstream of the chloramphenicol acetyltransferase (CAT) gene were similarly constructed by using the unique BamHI site in vector pBLCAT6 (12) . Plasmids containing the HSRV U3 region 5' ofthe SEAP gene (pdel 778/10, here designated pHSRV-U3-SEAP) or the HSRV 5' LTR upstream of the CAT gene (pBC12/HSRV/CAT, here termed pHSRV-LTR-CAT) have been described (5) .
Cell Culture, Transfection, and Expression Assays. The cultivation of COS-7, the cultivation of human embryonic lung (HEL) fibroblasts, and virus infections were done as described (8) . Transfections by electroporation of 10 ,g of DNA were done with equimolar amounts of indicator gene constructs and Bel-1 expression clones or the parental pBC12CMV vector. CAT assays were done as described (13) and normalized to coexpressed ,3-galactosidase activity. For quantitation and to ascertain that the assays were performed in the linear range, extracts were serially diluted, reaction products were separated by TLC, and the radioactive spots were determined with a TLC scanner. SEAP activity was quantified as described and is expressed in milliunits (5, 11) . RNA Extraction and Primer Extensions. Total RNA was harvested by cell lysis in guanidinium thiocyanate and sedimentation through cesium chloride (14) . Primer extensions were done as described with 5'-32P-labeled primer oligonucleotides (13) . Primer SEAPan (5'-TTCTCCTCCTCAAC-TGGGATGATGC-3') is complementary to the 5' part of the SEAP gene. Primers 9307a (5'-CAATTCCTTGTAGAGCA-GAAGCTGCTGC-3') and 9382a (5'-GGATAGGCTT-TAAGTATCCCAAGAGACT-3') were derived from the antisense strand of the HSRV provirus 5' of bel-J and designated according to the HSRV DNA sequence. S1 Nuclease Analysis. Si nuclease protection assays were done with 30 ,g of total RNA as described (15, 16) . The hybridization probe was prepared by PCR using the HSRV sense primer 8971s (5'-TATGTTCCTAGCATCGTGACTG-3'), 32P-5' end-labeled antisense primer 9307a, and pHSRV13 DNA. The probe was hybridized with total RNA at 46°C
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Proc. Natl. Acad. Sci. USA 90 (1993) overnight, and the protected DNA was separated on sequencing gels with dideoxynucleotide sequencing reactions run in parallel.
RESULTS
Detection of an Intragenic HSRV Bel-l-Dependent Promoter/Enhancer. To determine whether HSRV sequences upstream of bel-l carry a promoter/enhancer element, the 283-bp Nde I-Nhe I DNA fragment located =200 nt upstream of bel-l was inserted into the promoterless pPLSEAP vector in the sense (pNNSEAP+) and antisense orientation (pNNSEAP-) 5' ofthe SEAP gene (Fig. 1B) . The eukaryotic expression clone pBCbell that carries bel-l under the control of a cytomegalovirus promoter was used as source of Bel-1 transactivator activity in transient expression assays in COS-7 cells. After trans-complementation with pBCbell, high SEAP activities were detectable in pNNSEAP+ cotransfections but were not detectable in those from pNNSEAP-( Table 1 ). In the absence of Bel-1, pNNSEAP+ in sense and pNNSEAP-in antisense orientation did not show any activity (Table 1) . When analogous expression assays were carried out with CAT reporter gene constructs (Fig. 1B) , the Bel-1-mediated trans-activation of the HSRV internal promoter of the pNNCAT+ plasmid was -200-fold (Table 1) . Thus, SEAP and CAT activity was strongly expressed from those constructs that contain the HSRV internal promoter in the sense orientation and when transactivated by Bel-1 (Table 1) .
To compare the activity of the HSRV internal promoter with that of the homologous LTR promoter, plasmids pHSRV-U3-SEAP and pHSRV-LTR-CAT that contain ei-A tCAT activity is expressed in cpm of monoacetylated chloramphenicol after TLC. Cpm were normalized to undiluted cell extracts used for the CAT assays.
*Data are from cotransfections with the vector backbone pBC12CMV without bel-l insert. §Data are from cotransfections with the Bel-1 expression vector pBCbell.
ther the U3 region or the 5' LTR upstream of the indicator genes were analyzed in parallel. The Bel-l-trans-activated internal promoter had 417% (pNNSEAP+ versus pHSRV-U3-SEAP) and 80% (pNNCAT+ versus pHSRV-LTR-CAT) activity of that of the Bel-1-trans-activated LTR promoter ( Identification of the Internal Transcription Start Site in the HSRV Insert of pNNSEAP+. To determine the SEAP mRNA start site in pNNSEAP+, primer extensions with 5'-labeled SEAPan primer were carried out. RNA was isolated from COS-7 cells transfected with pNNSEAP+ in the presence (Fig. 2, lanes 1 and 2) or absence (lane 3) of a Bel-1 expression plasmid. The extension products were loaded on a sequencing gel next to the reaction products of a dideoxynucleotide sequencing of pNNSEAP+ DNA also primed with SEAPan (lanes G-C). Only RNA from cells cotransfected with bel-l directed the synthesis of a specific extension product of discrete size (arrow). The size of the cDNA when aligned to
the sequencing ladder is equivalent to the 3'-terminal cytosine in the antisense sequence 5'-AAGGAGCTC-3' (marked by star in Fig. 2 ). It follows that the 5' terminus of the template SEAP mRNA is the guanine at nt position 9196-i.e., the SEAP mRNA started at this guanine (marked as cap site in Fig. 1C ). This result was confirmed by sequencing the product of primer extensions and S1 nuclease analysis, demonstrating that the cap site of the SEAP mRNA is at HSRV nt 9196 (data not shown). Determination of the Intragenic Transcriptional Start Site in HSRV-Infected Cells. To demonstrate that the internal start site of transcription is active in the HSRV provirus, total RNA from HSRV-infected (Fig. 3A, lanes 1 and 3) and mock-infected HEL cells (lanes 2 and 4) was subjected to primer extensions. Primers were used that are located between the internal cap site and the start of the bel-l coding region. As expected, RNA of HSRV-infected cells and primer 9307a (lanes 1 and 2) RNA from HSRV-infected cells protected DNA of 112 ± 2 nt (arrowhead in Fig. 3B ), which corresponds in length to a protecting mRNA that starts at HSRV position 9196. The results obtained by both independent methods with RNA from virus-infected cells clearly prove that the HSRV intragenic start site of transcription at nt 9196 is efficiently used in HSRV-infected cells. A typical TATA box (Fig. 1C, underlined) is located 26 nt 5' of the internal transcription start site (rectangular arrow). Sequences at the intragenic promoter display a marked homology to corresponding sequences in the HSRV 5' LTR (Fig. 1C) to sequences upstream of bel-l in the genomes of simian foamy viruses types 1 and 3 (17) (18) (19) and a similarity to the LTR promoter of the neurovirulent murine leukemia virus, strain Cas-BrE 15-1 (20) . This similarity opens the possibility that determinants responsible for the brainspecific lesions observed in HSRV-transgenic mice share common features (21) .
DISCUSSION
Primer extensions and S1 nuclease protection assays were used to identify and precisely map the distinctive HSRV internal cap site. RNA sequencing (data not shown) confirmed that the internal start site of transcription is a guanine residue at genomic position 9196 located -250 nt upstream of the bel-l initiator codon in the HSRV env gene (Fig. 1A) .
Transcripts that start at the internal cap site were unambiguously identified in HSRV-infected cells, confirming that this promoter is functionally active in the provirus. It is remarkable that HSRV has the capacity to transcribe mRNAs from an internal cap site because so far it has been reported that genes of complex retroviruses are exclusively expressed from transcripts that start at the LTR cap site. Recently, evidence for an internal activation-dependent, T-lymphocyte-specific promoter was reported in a defective mouse mammary tumor provirus integrated into a mouse thymoma cell line (22) . The deletion in the U3 region of this defective provirus shortens the reading frame that codes for the recently identified eukaryotic superantigen (23) . An intragenic enhancer, but no internal promoter, was reported for human immunodeficiency virus type 1 (24) .
Internal promoters have been reported for widely used retroviral vector constructs. The level of gene expression in retroviral vectors constructed to carry internal promoters can vary and depends on the specific constructs used and on the selection conditions if a selectable marker was used (25, 26) . The detection of internally initiated transcripts of the HSRV provirus and comparative analyses of the 5' LTR to the internal promoter (M.L. and R.M.F., unpublished results) revealed that both promoters are active in the context of a single DNA molecule.
The precise location of the Bel-1 DNA target site(s) for trans-activation within the internal HSRV Nde I-Nhe I DNA fragment remains to be determined. Sequence comparisons of the internal promoter/enhancer with the known Bel-1 response elements did not show any strong similarity; it seems that different Bel-1 DNA target sites can be used in the U3 region of the HSRV 5' LTR (5, 6) , in the heterologous human immunodeficiency virus LTR (27, 28) , and in the internal HSRV promoter/enhancer. Due to the position directly upstream of the bel genes and the fact that additional methionine codons are not located in any one of the reading frames between the new cap site and bel-1, the internal promoter should direct the expression of bel-1, bet (Fig. 1A) , and possibly other bel genes (4, 8) . Primer extensions started in bel-l showed the presence of bel-1/bet-specific transcripts (unpublished results). The main structural distinction of the internally initiated bel transcripts in comparison with the 5' LTR-directed bel mRNAs is the presence of a completely different leader mRNA sequence that may influence splicing and/or translation (4) .
The presence of an active internal HSRV promoter indicates a distinctive mode of retroviral gene expression for at least the spumavirus group of complex retroviruses. Two active and Bel-1-dependent HSRV promoters open the way for a bimodal way of transactivation of foamy virus gene expression. We postulate that the internal HSRV transcription unit serves to establish and control a balance between the expression of viral structural and regulatory proteins (Fig.  1A) . The activity of the HSRV internal promoter would replace rev and rex analogous functions that have not been found to date in foamy viruses (10) . The proposed mechanism of regulating gene expression would yield the same net result of balancing the amounts of structural and regulatory gene products as in other complex retroviruses. One consequence of the model is that the Bel-1-dependence of the LTR promoter and of the internal promoter is differentially regulated by unknown positively and/or negatively acting factors. These factors may influence the temporal control of transcriptional activity and, in addition, could determine the range of target cells susceptible to HSRV infection.
Recently, it has been established that internal promoters in retroviral vectors are essential for the long-term expression of genes in primary myoblasts as a somatic tissue for gene therapy (29) . Foamy viruses with an exceptionally broad host range of cells and two functional promoters may be particularly suited for such purposes.
